Construction and maturation of the postsynaptic apparatus are crucial for synapse and dendrite 13 development. The fundamental mechanisms underlying these processes are most often studied in 14 glutamatergic central synapses in vertebrates. Whether the same principles apply to excitatory 15 cholinergic synapses in the insect central nervous system (CNS) is not known. To address this 16 question, we investigated Drosophila ventral lateral neurons (LNvs) and identified nAchR1 17 (D1) and nAchR6 (D6) as the main functional nicotinic acetylcholine receptor (nAchR) 18 subunits in these cells. With morphological and calcium imaging studies, we demonstrated their 19 distinct roles in supporting dendrite morphogenesis and synaptic transmission. Furthermore, our 20 analyses revealed a transcriptional upregulation of D1 and downregulation of D6 during 21 larval development, indicating a close association between the temporal regulation of nAchR 22 subunits and synapse maturation. Together, our findings show transcriptional regulation of 23 nAchR composition is a core element of developmental and activity-dependent regulation of 24 central cholinergic synapses. 25 excitatory cholinergic transmission from larval photoreceptors (Wegener et al., 2004; Yuan et al., 72 2011). Notably, synapse formation and dendrite development in LNvs are both strongly 73 influenced by changes in visual input, and thus provide a unique system for genetic dissections 74 of activity-dependent regulation of synapse and dendrite development (Sheng et al., 2018; Yuan 75 et al., 2011). 76 While the native compositions of pentameric nAchR ion channels in Drosophila central 77 neurons are generally not known, through cell-specific RNA-seq analyses, morphological 78 screens and calcium imaging studies, we identify D1 and D6 as the main functional nAchR 79 subunits in LNvs and demonstrate their distinct roles in supporting synaptic transmission and 80 dendrite morphogenesis. Furthermore, our analyses reveal a transcriptional upregulation of D1 81 and downregulation of D6 during larval development, indicating an association between the 82 developmental switching of nAchR subunits and the maturation of central cholinergic synapses. 83 Together, our studies of phenotype and temporal regulation show the two nAchR subunits D1 84 and D6 playing distinct functional roles during LNv development: D6 is required in the early 85 synaptogenesis period, whereas D1 expression is potentiated at a later stage to fine-tune the 86 physiological properties of LNvs and support synaptic transmission in a mature cholinergic 87 synapse. 88 Results 89 Sequence alignment reveals distinct subgroups among the Drosophila nAchR subunits 90 The genome of Drosophila melanogaster contains 10 nAchR subunit-encoding genes, which, 91 like those of other insect nAchR families, are fewer in number than the 16 found in humans and 92 27 in C. elegans (Jones and Sattelle, 2010; Schafer, 2002). Seven genes encode the alpha 93 6 subunits (D1-7) and three encode the beta subunits (D1-3) of nAchRs. Although all subunits 94 are characterized by similar sequence motifs, such as those encoding the 15-amino acid 95 Cysteine-loop (Cys-loop) and four transmembrane domains, the homology alignments 96 incorporating human nAchR subunits uncovered phylogenetic relationships within the family 97 ( Supplementary Figure 1) . We found that subunits D5-D7 are clustered with the human 98 nAchR7 (CHRNA7), which is known for its ability to form homomeric pentamers and its high 99 conductance of Ca 2+ ions (Albuquerque et al., 2009; Dani, 2015). The other Drosophila 100 subunits, D1-D4, D1 and D2, are dispersed among the remaining human 101 nAchR(CHRNA) and nAchR (CHRNB) genes, as well as the non-neuronal ,  and  102 subunits. The D3 subunit appears to be the outgroup in this analysis, consistent with the 103 identification of species-specific nAchR genes in other insects which are highly divergent from 104 those of their own genome (Jones et al., 2007). 105 D1 and D6 are identified as candidate genes regulating synapse and dendrite 106 development in larval LNvs 107 LNv dendrites receive cholinergic inputs from larval photoreceptors through the nAchRs, 108 suggesting cholinergic receptor clusters serve as key components of LNvs' postsynaptic 109 specializations (Wegener et al., 2004; Yuan et al., 2011). To identify the specific nAchR subunits 110 expressed in larval LNvs, we first analyzed the relative abundance of transcripts for all AchR 111 subunits using cell-specific RNA-seq analyses (Yin et al., 2018) (Figure 1A). At the late 3 rd 112 instar stage, most of the AchR subunits were detected in the LNv transcriptome, except for D3 113 (Figure 1B). Notably, LNvs expressed high levels of D1 with minimal D7 expression, a 114 pattern different from that found in cholinergic synapses of the adult olfactory circuit, visual 115 128 plasticity (Figure 1D, E). Knocking down all other subunits, including D1, did not generate a 129 consistent dendrite morphology phenotype (Figure 1D, E). 130 D1 and D6 subunits are expressed in the larval LNvs 131 The combined results from the LNv-specific transcriptome analysis and transgenic RNAi screen 132 suggested D1 and D6 as top candidates for follow-up studies. To confirm these two subunits' 133 expression in LNvs, we obtained enhancer-trap lines generated by the Trojan-Gal4 technique. 134 This genetic approach introduces an artificial splice acceptor site at the 5' end of a MiMIC 135 insertion to terminate endogenous transcription while driving Gal4 expression (Diao et al., 136 2015). Enhancer trap lines D1 MI00453-TG4.0 (D1-TG4) and D6 MI01466-TG4.1 (D6-TG4) were 137 then used to drive the expression of a membrane-targeted GFP, mCD8::GFP, and a nuclear 138 157
Introduction 26
The postsynaptic compartment of a chemical synapse is specialized to receive neurotransmitter 27 signals and translate them into electrical and chemical changes in the postsynaptic cell. Its Leiss et al., 2009) . 117 We also used RNA-seq analyses to test the expression of nAchR subunits under different 118 light: dark conditions and to detect transcripts that undergo activity-dependent changes. Notably, 119 D1 is the only subunit whose expression is significantly modified by chronically elevated levels 120 of input activity: the exposure to constant light (LL) induced a roughly 3.5x reduction in 121 expression compared to regular light: dark conditions (LD) ( Figure 1C ). Together, these results 122 suggest that D1 is one of the main nAchR subunits in LNvs and that its transcription level is 123 regulated by activity. 124 To identify specific nAchR subunits involved in regulating LNv dendrite morphology or 125 plasticity, we performed genetic screens using RNAi lines targeting all ten nAchR subunits. 3D 126 visualization and quantification of the LNv dendrites showed that the LNv-specific RNAi knock-127 down of D6 induced a signification volume reduction and the loss of LL-induced dendrite marker, RedStinger (Nagarkar-Jaiswal et al., 2015a; Nagarkar-Jaiswal et al., 2015b). For both 139 enhancer trap lines, we observed expression of the two markers in LNvs, indicating that the D1 140 and D6 loci are transcriptionally active in these cells ( Figure 2) . Notably, the intensity of D6-141 TG4-driven RedStinger was weaker than that of D1-TG4, in agreement with the relative 142 expression levels reported by the RNA-seq study (Figures 2) .
143
D6 is cell-autonomously required for LNv dendrite morphogenesis 144 Given the abundance of the D1 subunit in LNvs, it was surprising to see that D1 knock-down 145 did not induce dendrite defects. To eliminate the possibility that our knock down was inefficient, 146 we tested trans-heterozygous mutants consisting of two MiMIC alleles inserted in either a coding 147 intron (D1 MI00453 ) or an exon (D1 MI11851 ) ( Supplementary Figure 2A) . Consistent with the 148 knock-down experiments, we observed no changes in LNv dendrite volume in the D1 mutant 149 under LD and LL conditions ( Supplementary Figure 2B, C) . 150 The contribution of D6 to LNv morphogenesis was also demonstrated by a mutant 151 analysis using the null allele D6 DAS1 , which contains a GA substitution that eliminates the 152 first splicing event and produces a truncated polypeptide (Watson et al., 2010) . As in the 153 knockdown approach, D6 deficiency led to a significant reduction in the LNv dendrite volume 154 and a loss of LL-induced dendrite plasticity ( Figure 3A, B ). Our RNAi knockdown experiments 155 suggested that D6 regulates LNv dendrite development in a cell-autonomous manner ( Figure   156 1D, E). To confirm this, we performed rescue experiments in the mutant background using the LNv also plays a role in its development. Taken together, these morphological results suggest 162 that Da6 is required, in part via a cell-autonomous contribution, for LNv dendrite development. 163 Both D1 and D6 subunits are required for synaptic transmission in LNvs 164 Although it was now clear D6 played an important role in LNv dendrite morphogenesis, the 165 functions of D1 remained unknown. Thus, we examined these two nAchR subunits using 166 physiological studies. LNvs are visual projection neurons that receive synaptic inputs from the 167 larval photoreceptors and thus can be activated when the animal is subjected to light stimuli.
168
Using genetically-encoded calcium indicator GCaMP6s and larval eye-brain explant preparations Figure 4A , B).
173
The first set of experiments was conducted in the LD condition using the 174 D1 MI11851 /D1 MI00453 and D6 DAS1 /D6 MI01785 trans-heterozygous loss-of-function mutants.
175
Remarkably, the light-elicited calcium response in both D1 and D6 mutants was significantly 176 reduced compared to the control flies. Response amplitudes, represented by the peak level of the 177 F/F, were only about 30% of control for the D1 mutant and 40% of control for the D6 178 mutant, although there was no statistical difference between these two groups ( Figure 4C ).
179
Previously, it has been shown that LNvs of LL-cultured larvae undergo not only a 180 reduction in dendrite volume, but also a dampened light-evoked calcium response (Yuan et al., 181 2011). Interestingly, both D1 and D6 mutants cultured in LL display a similar reduction in 182 physiological response as the wildtype larvae ( Figure 4D ). This inability for LL condition to 183 enhance the mutants' phenotype suggests that the environmental influence introduced by LL and 184 the genetic deficits generated by D1 and D6 mutations share the same cellular target, possibly 185 the number and/or strength or the synapses.
186
While the loss of D6 likely affects synaptic transmission by regulating LNv 187 postsynaptic development, the strong impact generated by D1 deficiency on the LNvs' 188 physiological properties is striking given the lack of phenotype in dendrite morphology. These contributes to synaptic transmission. These functional differences between nAchR subunits 198 resemble the ones observed in vertebrate NMDA and AMPA glutamatergic receptors. In the 199 vertebrate system, the maturation of excitatory glutamatergic synapses is regulated by the ratio of 200 AMPA/NMDA receptors (Wu et al., 1996) . To test whether similar developmental regulation of 201 receptor subtypes is also present in the Drosophila central cholinergic synapse, we sought to 202 examine the levels of two nAchR subunits in young vs. mature LNvs.
203
To analyze the transcript level of nAchR subunits in the LNvs, we performed qFISH Figure 5A ). In contrast, the level of D6 in LNvs declined significantly during larval 209 development ( Figure 5B ). Notably, we also observed that the excessive synaptic input generated 210 in the LL condition had a strong effect: the developmental upregulation of D1 was eliminated, 211 removing the significant difference observed between the two developmental stages in the 212 normal LD condition.
213
The qFISH experiments revealed that D1 and D6 had different temporal profiles of 214 expression in LNvs, and different sensitivity to chronic alterations in activity. These 
218

D6 is essential for cholinergic synapse development in larval LNvs
219
Based on the results obtained thus far, we propose that D1 and D6 are preferentially 220 expressed at distinct time periods to meet the changing needs of developing and mature LNvs.
221
Our previous studies indicate that immature LNvs, from the 2 nd to early 3 rd instar stages and 222 between 48-72hr AEL are characterized by highly dynamic dendritic filopodia that support 223 synapse formation. This developmental process reaches its peak at 72hr AEL and then declines 
237
Consistent with our previous observations, D6 DAS1 mutants showed a significant 238 reduction in dendrite volume, as compared to the controls. In addition, the LNv-specific 239 expression of a D6 transgene partially rescued this phenotype ( Figure 6A -C), while expressing 240 a D1 transgene in a similar fashion did not modify the D6 mutant phenotype. Together, these 241 results suggest that these two receptor subunits have distinct molecular properties that support 242 separate functions in regulating LNv development.
243
The quantifications of Rh5,6-Brp::mCherry puncta also revealed that the D6 deficiency 
Methods
366
Fly culturing 367
All flies were maintained in standard cornmeal medium supplemented with yeast paste and in 368 controlled incubators set at 25°C and 60% humidity. Animals subjected to the LD condition 369 were reared at alternating 12hour light-12hour dark cycles and those subjected to the LL 370 condition receive 24hours of light. All larvae used for experiments were taken at the wandering 371 3 rd instar stage, with the exception of early stage larvae in Figure 5 where animals were dissected 372 between 48hr to 72hr after egg laying. Sequence alignment 478 The phylogenetic tree was generated by including all 16 known human nAchR subunit genes and 479 all ten Drosophila nAchR subunit genes. For human orthologs, the amino acid sequence used in 480 the alignment was chosen from the primary listed isoform on the UniProt database. For 481 Drosophila orthologs, polypeptide sequences were taken from the FlyBase database. In the 482 event that multiple coding isoforms exist or are predicted, the isoform which contributes the 483 verified peptide species, or the predominant isoform expressed, was selected. Phylogenetic 484 comparisons and tree reconstructions were made by the MABL online tool using "One click" 
